Decisive evidence for the pathway(s) of biosynthesis of acetylmuramic acid by microorganisms has been lacking. O'Brien, Glick, and Zilliken (6) have demonstrated that the N-acetyl-D-glucosamine moiety of 2,,3-methyl-N-acetyl-Dglucosaminide is utilized by Lactobacillus bifidus var. pennsylvanicus without significant dilution to form muramic acid. Since the specific activity per mole was the same in the isolated muramic acid as in the glucosaminide, it seemed probable that only the ring was labeled, and that the side chain originated from unlabeled components of the growth medium which presumably contained lactose, amino acids, and a vitamin supplement. Subsequent experiments by Richmond and Perkins (8) , using Staphylococcus aureus and labeled D-glucose, supported the concept of a precursor relationship of N-acetyl-D-glucosamine to muramic acid, although the experimental design used did not permit a definitive answer. It seemed clear, however, that the side chain of muramic acid originated largely from glycolytic products.
These findings were interpreted as agreeing with the results of earlier experiments of Strominger (13) . His experiments with cell-free extracts of S. aureus, Escherichia coli, and Aerobacter aerogenes indicated a condensation of uridine diphospho-N-acetyl-D-glucosamine (UDPGNAc) with phosphoenolpyruvate (PEP) to yield a 3-0-enolpyruvyl-N-acetyl-D-glucosamine-nucleotide.
Earlier work in this (10) and other laboratories (2, 9) had demonstrated that glucose is converted by Streptococcus pyogenes to D-glucosamine and L-rhamnose without scission of its carbon skeleton. Glucose in the medium serves principally as an energy source through glycolysis, resulting in its conversion to lactic acid. Our subsequent finding (14) , that these organisms utilize a single hexokinase to phosphorylate N-acetyl-D-glucosamine and D-glucose, led to the demonstration that either carbohydrate could be utilized, without adaptation, for supporting growth in a complex medium. Therefore, the group A streptococci appeared useful for investigating pathways of muramic acid biosynthesis. A or with both at 0.5% each. Cells were harvested in late log phase (10 hr), washed twice in distilled water, and disintegrated in a Shockman shaker. Cell walls were isolated as previously described (1). They were then treated with trypsin to remove the type-specific 963 BARKULIS ET AL.
protein components. The walls were hydrolyzed in 2 N HCl for 2 hr in a sealed tube at 100 C. The acid was removed in vacuo and the dried material was dissolved and applied to a column of Dowex 50W X 2 in hydrogen form. Neutrals were eluted with water and the bases were eluted with 2 N HCl. The basic fraction was further hydrolyzed for 10 hr in 4 N HCl.
After removal of acid, the muramic acid and glucosamine of the hydrolysate were separated by the method of Park as described by Perkins and Rogers (7) .
Rhamnose was isolated from the neutral fraction by paper chromatography in butanol-acetic acidwater (62:15:25) and was quantitated by the procedure of Dische and Shettles (4); its radioactivity was then determined. Glucosamine and muramic acid were quantitated by the Elson-Morgan procedure as modified by Boas (3) . Their radioactivity was determined after paper chromatography in butanol-pyridine-water-acetic acid (60:40:30:3) and paper electrophoresis in 2 N acetic acid at 900 v for 2.5 hr. The compounds were eluted from paper with water; the samples were dried and then reconstituted to a definite volume for analysis. Table 1 summarizes the principal findings.
RESULTS
Glucose was utilized with little dilution for the biosynthesis of cell wall rhamnose and glucosamine. Muramic acid contains a small but significant excess of radioactivity compared to glucose. When equal amounts of unlabeled acetylglucosamine were present in the medium (Table 1, line 2) , there was only a small dilution of glucose carbon which went to rhamnose. However, the added acetylglucosamine almost completely preempted the pathway by which glucosamine is incorporated into the cell wall and markedly diluted glucose carbon furnished for muramic acid. The latter contained substantial radioactivity. These findings, which support an intermediary role for acetylglucosamine in muramic acid biosynthesis To obtain further evidence that the lactyl group of muramic acid (C7-C9) was formed to some degree from glycolytic products, the muramic acid shown in line 3 was degraded. Table  2 summarizes these results. When Cl was removed with ninhydrin, by using the procedure of Stoffyn and Jeanloz (11), the resulting carbon skeleton of muramic acid (C2-C9) contained 21 % of the radioactivity of the substrate acetylglucosamine-J-"4C. To obtain a specific activity of the C2-C9 carbon skeleton, the product, after a ninhydrin degradation, was further degraded with sulfuric acid by the method of Strange and Kent (12) and the liberated acetaldehyde was quantitated. The acetaldehyde, representing C8-C9 of muramic acid, contained a substantial part of the total radioactivity of C2-C9. However, there was insufficient material to permit an accurate determination of the specific activity of this product.
The degradation of muramic acid, therefore, indicated that the radioactivity of GNAc-1-_4C was largely present in Cl of muramic acid. The remainder of the molecule (C2-C9) contained roughly the expected amount of radioactivity predicted from data in lines 1 and 3 of Table 1) , with most of the radioactivity in C7-C9. If a product in the glycolytic pathway from phosphoglyceric acid to lactic acid had supplied the side position and structure of the mucopeptide component of the walls of different species and genera of bacteria, it is not unlikely that alternative ways may exist for synthesizing one of its principal constituents.
